Hepatitis C virus (HCV) forms complex quasispecies populations which consist of a large number of closely related genetic variants. This genetic heterogeneity may cause antigenic variation or drug resistance. We used heteroduplex analysis by temperature gradient gel electrophoresis (TGGE) to characterize genetic variants of HCV. The high resolution of TGGE was proven by comparison of DNA sequence data of different eDNA clones from the HCV 5'NCR with their corresponding migration pattern in TGGE. Using this method we were able to identify virus variants of the HCV 5'NCR even if they only differed from each other by a single base. HCV populations from three patients with chronic hepatitis C were found to consist of genetic variants, although the degree of the heterogeneity varied. In addition, we compared the genetic heterogeneity of the core and E2 regions of the HCV genome in one patient. Our results demonstrate that TGGE is a useful tool for characterization of the genetic heterogeneity of virus populations in vivo.
Introduction
Some RNA viruses, e.g. human immunodeficiency virus, hepatitis C virus (HCV), foot-and-mouth disease virus and influenza virus, have an extremely high mutability and are believed to evolve much faster than their eukaryotic hosts (for review see Holland & De la Torre, 1992) . These viruses form complex quasispecies populations that consist of subgroups with closely related but heterogeneous genomes (Domingo et al., 1985) . The genetic variability of RNA viruses may lead to antigenic variations, changes of cellular tropism and drug resistance (Wain-Hobson, 1992; Levy, 1993; Domingo et al., 1992; Gorman et al., 1992) . The genetic heterogeneity of HCV is one major determinant that leads to viral persistence and chronic disease . Therefore it is important to examine the structure and development of the virus population during the chronic course of infection or under antiviral treatment.
Genetic variants of HCV are commonly isolated after cloning cDNAs obtained by RT-PCR. The characterization of cloned eDNA fragments is mainly performed by DNA sequencing (Martell et al., 1992; Roggendorf et al., 1993; Higashi et al., 1993) and in few cases by restriction fragment length polymorphism (RFLP) analysis (Nakao et al., 1991 ; McOmish et al., 1993) . DNA sequencing is * Author for correspondence. Fax +49 201 723 5929.
too laborious for analysis of large numbers of eDNA clones. RFLP is designed to distinguish between virus genotypes but cannot be applied to quasispecies. In order to analyse genetically heterogeneous virus populations more efficiently, a simple, universal method of identifying virus variants at the nucleotide sequence level is needed. Temperature gradient gel electrophoresis (TGGE) has been developed for detection of point mutations in DNA fragments (Riesner et aL, 1989) . In TGGE, the electrophoretic mobility of a DNA fragment is determined by its size and thermostability. Since the thermostability of a given DNA fragment is dependent on its nucleotide sequence, single nucleotide exchanges can lead to a marked change in the denaturation (melting) temperature and result in a different electrophoretic mobility. Here we use TGGE as an efficient technique to identify virus variants. Heteroduplex analysis by TGGE allows single nucleotide exchanges to be distinguished. We characterized the genetic variability of the HCV 5'NCR in three chronically infected patients and demonstrated that this approach can be useful for analysis of virus quasispecies populations. The genetic heterogeneity of the HCV core and E2 regions in a single patient was also investigated.
Methods
Samples. Sera from four patients (P1-P4) suffering from chronic hepatitis C were collected between 1989 and 1991. All patients were originally infected in 1979 by a HCV-contaminated anti-D immuno- E2.4 GGCTCGGAGTGAAGCAATAC Antisense 1866
* Position of 5" base relative to the HCV genomic sequence of Kato et al. (1990) .
globulin used for prevention of rhesus incompatibility (Dittmann et al., 1991) .
HCV RNA extraction. This was performed as described previously (Fuchs et al., 1991) . In brief, 300 lal of sera were incubated in 50 mMTris-HC1 pH 8"0, 10 mM-EDTA, 100 mM-NaC1, 4% SDS and 3 mg/ml Proteinase K (Boehringer Mannheim) in a total volume of 500 lal for 1 h at 37 °C. tRNA (1 lag) was added to improve the precipitation of RNA. After extraction with phenol and phenol~hloroform, respectively, total RNA was precipitated by ethanol, dried in air and then dissolved in 50 lal TE buffer.
RT-PCR.
The HCV isolate found in the anti-D immunoglobulin is closely related to genotype lb HCVs (Chan et al., 1992; Kato et al., 1990; Roggendorf et al., 1993) . Thus, primers derived from the sequence 0fthe HCV isolate J1 were used for RT-PCR (Table 1) . RT reactions were carried out using primers antisense to those from the first PCR in each case. Extracted HCV RNA (10 lal) was reversetranscribed using 2.5 ~tM-primer and 200 units of recombinant Moloney murine leukaemia virus RT (BRL), 50 mM-Tris-HC1 pH 8.3, 40 mM-KC1, 6 mM-MgC12, 1 mM-DTT, 200 laM of each dNTP, 0.1 mg/ml BSA for 60 min at 37 °C. cDNA fragments were amplified by nested PCR with Taq polymerase (Promega) in 50 mM-KC1, 10 mM-Tris--HC1 pH 9-0, 0.1% Triton and 1'5 mM-MgClz. PCR was performed from 5 lal of cDNA over 30 cycles including denaturation at 94 °C for 1 min, annealing at 50 °C for 1'5 min and extension at 72°C for 2 min. PCR products were examined by agarose gel electrophoresis.
Cloning and DNA sequencing. The PCR products were cloned into the cloning vector pCRII (Invitrogen). Plasmid purification and agarose gel electrophoresis were carried out as described by Sambrook et aL (1989) . DNA sequencing was performed by the dideoxynucleotide chain termination method (Sanger et al., 1977) with Sequenase (USB) after alkaline denaturation of plasmid DNA (Chen& Seeburg, 1985) .
Identification of HCV variants by TGGE. HCV populations in single patients were characterized by the following procedure: HCV RNA was extracted from patient serum and reverse-transcribed, and cDNA fragments of the 5'NCR, core and E2 regions were amplified by PCR; since these PCR products consist of heterogeneous fragments derived from different HCV variants, we generated a number of independent clones. Plasmids containing the PCR fragments were purified and used as templates in PCR to generate DNA fragments for heteroduplex analysis by TGGE. TGGE was performed following the manufacturer's instruction (Diagen) with minor modifications. Samples for TGGE were prepared as follows: 2 lat PCR products (1 lag DNA) were mixed with 2 lal reference DNA fragments and 2 lal sample buffer (0-5 M-MOPS pH 8-0, 4 M-urea), heated at 94 °C for 5 min and reannealed at 40 °C for 15 min. In all experiments described here 8 % polyacrylamide gels (30:0.5 acrylamide, 20 mM-MOPS pH 8'0, 1 mM-EDTA, 8 M-urea, 2% glycerol, 0"03 % ammonium persulphate, 0"17% TEMED) were used. The temperature gradient ranged from 35 °C to 60 °C for the HCV 5'NCR and core regions and from 20 °C to 60 °C for the HCV E2 region. The gel was run at 300 V for 3 h, then stained with 1 lag/ml ethidium bromide for 10 min and examined under UV light.
Results

Principle of distinguishing virus variants by TGGE
In standard TGGE, not all DNA fragments with a difference in a single base pair were separated (see below). In order to improve resolution, we used 'heteroduplex' analysis. This is where a DNA fragment of interest is mixed with an equimolar amount of a reference DNA fragment. The reference fragment should have one or a few mismatches to the fragment of interest. Four products are generated following denaturation by heating and renaturation, two homoduplexes and two heteroduplexes with mismatches ( Fig. 1) . Under defined gel conditions, the electrophoretic mobility of heteroduplexes in TGGE exclusively depends on the unique combination of their specific DNA sequences, numbers, positions and types of mismatches. In TGGE, heteroduplexes can be easily separated from homoduplexes ( Fig. 1) . The heteroduplexes in one sample can also be distinguished in TGGE, even if they have the same number and position of mismatches. The type of mismatch, for example A-G or T~, seems to have a striking effect on the thermostability of heteroduplexes. Thus, heteroduplex analysis by TGGE provides a sensitive method to distinguish combinations of sample and reference DNA fragments, and for this reason could serve as a general, simple method of identifying virus variants.
The sensitivity of heteroduplex analysis
The sensitivity of heteroduplex analysis was tested by using a set of cDNA clones of the 5"NCR of the HCV genome with previously determined nucleotide sequences (Fig. 2) . Among 18 cDNA clones of the 5'NCR isolated from patient P1, three variants, designated V1.1, V1.2 and V1.3, were found by DNA sequencing (Fig. 2) . In this 278 bp fragment, including the primer sequences, V1.1 differs from V1.2 and V1.3 by two and one base, respectively. From another patient, P4, we isolated three variants designated V4.1, V4.2 and V4.3, respectively (Fig. 2) . Our results confirmed that the 5'NCR is a highly The temperature gradient ranged from 25 °C to 70 °C. After 2 h running, the gel was stained with silver (Schumacher et al., 1983) .
conserved part of the HCV genome with only a low level of variability (Martell et al., 1990) . Since these variants of the HCV 5'NCR differ from each other in only one or a few base pairs, they served as suitable examples to prove the sensitivity of heteroduplex analysis. In order to find the optimum temperature gradient for heteroduplex analysis of the HCV 5"NCR, we determined the temperature range that influences the electrophoretic mobility of the 278 bp PCR fragment comprising the cloned 5'NCR sequence (see Methods). In a gel with a temperature gradient ranging between 25 °C and 70 °C perpendicular to the electric field, the electrophoretic mobility of the DNA fragment was reduced gradually with increasing temperature between 35 °C and 60 °C (Fig. 3) . For further experiments with HCV 5'NCR 
Numbers of nucleotide mismatches between variants of the H C V 5'NCR isolated from P1 and P4
V a r i a n t s V 1 . DNA fragments, the temperature gradient from 35 °C to 60 °C was chosen. To avoid labour-intensive large-scale plasmid preparation and subsequent DNA fragment isolation, we amplified cloned 5'NCR fragments directly from plasmids by PCR with nested primers 15 and 16. The PCR products could be used for analysis in TGGE without any additional purification. The variants V 1 1, V1.3, V4.1 and V4.2, when directly subjected to TGGE, could not be distinguished, whereas two other variants V1.2 and V4.3 showed different electrophoretic mobilities (Fig. 4) . Obviously, the standard TGGE could only distinguish some single base pair differences. In the subsequent heteroduplex analysis, we combined the three variants from P1 with the three variants from P4 in pairs (Fig. 4) . In TGGE, all nine combinations gave unique, distinguishable patterns. This result indicates that variants with differences in a single base pair can be easily recognized by their individual TGGE pattern. In particular, the heteroduplexes were clearly separated from each other. Increasing numbers of mismatches seem to enhance the separation of heteroduplexes from homoduplexes (Table 2 ; Fig. 4 by T G G E . V 4 . 3 was used as reference for heteroduplex analysis. Lanes 1-5, five H C V v a r i a n t s V 2 . 4 , V 2 . 5 , V 2 . 6 , V 2 . 1 3 a n d V 2 . 1 4 found in P 2 ; lane 6 and 7, two HCV variants V 3 . 1 a n d V 3 . 1 1 found in P3. (b) Nucleotide sequences of variants of the H C V 5 ' N C R isolated from P2 and P3. The sequences of both left and right primers are omitted.
Analysis of the genetic heterogeneity of H C V populations in patients by TGGE
For all further heteroduplex analysis of clones of the HCV 5'NCR, we chose V4.3 as the reference DNA fragment. In comparison with other HCV-lb isolates, this 5'NCR variant has two uncommon mutations (T to C at position -9 6 and A to G at position -1 2 7 ; positions according to Chan et al., 1992; Bukh et al., 1992). As shown above, these uncommon mutations Prior to the characterization of the genetic heterogeneity of HCV populations, we first determined the error rate of our PCR. Plasmid V1. I was diluted to a concentration of 10 p g / P C R reaction (approximately 10 n molecules) and then used as a template for amplification by PCR. The resultant amount of the P C R product was approximately 100 lag of DNA, corresponding to a 107-fold amplification. Thirty clones of this P C R product were isolated and tested in T G G E . One showed a different T G G E pattern in comparison to the original clone, indicating at least one nucleotide mismatch was incorporated into this clone during PCR. From repeated experiments we calculated that clones with P C R errors could be present at a frequency of about 3 %. Since the amplified D N A fragment has a length of 278 bp, the rate of nucleotide misincorporation is approximately 10-5/base/cycle. This low error rate did not influence our results, as shown below.
The heterogeneity of the 5 ' N C R clones from patients P2 and P3 was examined. By heteroduplex analysis with the reference V4.3, two variants from P2 and five variants from P3 were found (Fig. 5a ). Similar to previous cases, we found predominant variants (V2.5 and V3.1) at a high frequency accompanied by minor variants (Table 3) . Sequence heterogeneity of the 5 ' N C R was present but varied in different patients. Only one out of 15 clones from P2 was different, whereas five variants were present in P3. D N A sequences of these variants were determined (Fig. 5 b) . Minor variants identified by T G G E showed only one (V2.13, V2.14 and V3.11) or two (V2.4 and V2.6) nucleotide changes in comparison to their corresponding predominant variants. These results also demonstrate the sensitivity of heteroduplex analysis by T G G E . 
Analysis of the HCV core and E2 regions by TGGE
In additional experiments we analysed the genetic heterogeneity within the H C V core and E2 regions. From patient P1, 19 c D N A clones containing the partial H C V core region (nt position 631-900) were isolated after RT-PCR. A c D N A clone termed C5 was used as the reference for heteroduplex analysis by T G G E . Five variants were identified (Fig. 6a) . Among them, variant C5 occurred most frequently (Table 4 ). The genetic heterogeneity within a part of the E2 region (nt position 1415-1866) including the hypervariable region appeared to be higher than in the core region. Among 11 c D N A clones of the E2 region from patient P1, nine different variants were identified by T G G E (Fig. 6 b) . These data indicate that the genetic heterogeneity of different parts of the HCV genome varies within a quasispecies population.
Discussion
In this study, we have demonstrated that heteroduplex analysis by TGGE is an efficient method that allows rapid identification of virus variants in a given population. It is particularly useful to examine the genetic heterogeneity of HCV populations in serial samples, e.g. during chronic infection or during interferon treatment. Sequencing of a large number of clones can be avoided because relevant mutants, e.g. escape mutants or mutants carrying a drug resistance gene, can be identified by their TGGE pattern. This method can be applied generally since no specific feature within the nucleotide sequence of a virus is required. We showed that a single nucleotide change in a given DNA fragment led to a distinguishable TGGE pattern in heteroduplex analysis. As shown for the core and E2 regions, eDNA clones isolated from patients could be used as references for heteroduplex analysis. For regions of the HCV genome with low variability like the 5'NCR, the right choice of reference DNA fragment is important since multiple mismatches between samples and the reference increase the resolution of TGGE (Fig. 4) . Differences between the TGGE patterns of V4.1, V4.2 and V4.3 formed with V1.2 were unambiguously recognizable. This enhancement of resolution is due to a cooperative effect of mismatches on melting behaviour of heteroduplexes. Therefore, the reference DNA fragment selected for heteroduplex analysis is a major factor and needs to be optimized. The use of a reference DNA fragment makes heteroduplex analysis highly flexible.
We confirmed that HCV populations in patients consist of variants closely related in their nucleotide sequences. Therefore, HCV populations in vivo can be described as quasispecies (Domingo et al., 1985) . As indicated by the 5'NCR, the HCV populations in different patients do not have the same heterogeneity but very individual compositions. Furthermore, the genetic heterogeneity of various regions of the HCV genome differs greatly within a quasispecies population, as shown by the 5'NCR and the E2 region. In order to characterize the genetic heterogeneity, appropriate approaches should be chosen for each particular region. For a region with a low heterogeneity like the HCV 5'NCR and core, analysis of 10 to 20 eDNA clones is sufficient to identify predominant variants and estimate the genetic heterogeneity. For the extremely variable E2 region of HCV, sequencing of a large number of representative clones and comparison of deduced amino acid sequences may be necessary, since an analysis on the basis of nucleotide sequences alone may not be sufficient to investigate processes like immune selection. Recently, the single-strand conformation polymorphism (SSCP) technique was used for analysis of HCV quasispecies (Enomoto et al., 1994) . Although extreme heterogeneity in the E2 region was found by sequencing of eDNA clones, a simple SSCP pattern with few bands was obtained. This discrepancy raises concerns about the resolution of the SSCP technique. We routinely performed heteroduplex analysis of PCR products derived from different parts of the HCV genome without cloning. This modification is useful to identify rapidly predominant variants of the 5'NCR and core region, but no clear pattern could be seen in the E2 region by TGGE in most cases, consistent with the high heterogeneity of this region.
The genetic heterogeneity of HCV populations appears to be an important aspect for understanding pathogenesis of HCV infection. For example, the hypervariable region of HCV E2 may be responsible for evasion of host humoral immune response Kato et al., 1993) . A study showed that interferon therapy reduced the heterogeneity of HCV populations in vivo, indicating that viral variants may respond differently to interferon (Higashi et al., 1993) . These studies emphasize that HCV variants may be involved in different processes and determine their outcome. Recently, an internal ribosomal entry site within HCV 5'NCR was identified (Tsukiyama-Kohara et al., 1992; Wang et al., 1993) , suggesting that the 5'NCR mediates cap-independent translation initiation. Evidence has been found that variation within the 5'NCR may be important for the establishment of chronic HCV infection (Nomoto et al., 1993; M. Lu et al., unpublished results) . Our approach will facilitate such investigations and will help to determine the role of genetic variability in HCV infection.
